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DESCRIPTION 
METHOD OF PLASMA DOPING 

TECHNICAL FIELD 

5 The present invention relates to method of doping substances near the 

surface of solids, using plasma. 

BACKGROUND ART 

The prior art is described with reference to Figs. 5A and 5B. This is 
10 cited from an article released in SSDMS7 (Extended Abstract of Conference on 
Solid State Device and Materials, p. 319, Tokyo, 1987, Japan Society of Applied 
Physics). In the prior art, gas supplied to a plasma source is B2H6 diluted to 
0.05% by He. 

As shown in Fig. 5A, silicon wafer 20 is loaded into reactor chamber 10. 

15 After reducing the pressure to 5 x 10" 7 torr (6.7 x 10" 5 Pa), B2H6 gas 30 diluted to 
0.05% by He is introduced to attain 5 x 10" 4 torr (0.067 Pa). Under these 
conditions, power is applied to ECR plasma source 40 to induce high-frequency 
waves and generate plasma 45. RF power supply 60 then feeds high-frequency 
waves to wafer susceptor 50 on which wafer 20 is placed. Thus, generates a 

20 certain voltage, approximately 700 V according to the cited article, between 
generated plasma 45 and silicon wafer 20. As a result, positive ion 70 in 
plasma which contains positive ion 70 and electron 80 is attracted and doped 
near the surface of wafer 20. In the cited example, the B atom in B2H6 
becomes a source of positive charge (a positive hole) in the silicon and the B 

25 atom is called a dopant. 

In the cited example, the purpose of diluting B2H6 by He is an attempt 
to increase the safety of B2H6, which is extremely toxic. However, as the 
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partial pressure of B2H6 falls, the density of ions containing B in plasma also 
falls, resulting in a significant drop in doping efficiency. 

Helium used for dilution has small atomic radius, and is employed for 
dilution because it diffuses outwardly and is removed easily by thermal 
treatment even after doping He to silicon. However, He's high ionization 
energy makes it unsuitable for generating and maintaining plasma in some 
cases. 

Moreover, the use of He hinders the controllability of the dopant 
implantation amount. 

Accordingly, such a plasma doping method is needed as" securing higher 
safety of handling B2H6, which is extremely hazardous to the human body due 
to its high toxicity, by dilution of B2H6 as far as possible ; preventing reduction of 
doping efficiency; generating and maintaining plasma stably >' and facilitating 
the control of dopant implantation amount. 

DISCLOSURE OF INVENTION 

The plasma doping method of the present invention uses a larger 
amount of a substance with high ionization energy than a substance containing 
impurities to be doped. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a plasma-doping apparatus illustrating an embodiment of the 
present invention. 

Fig. 2 is a graph illustrating dependency of ion current density on the 
B2H6 gas concentration in the embodiment of the present invention. 
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Fig. 3 is a graph illustrating dependency of electron temperature on the 
B2H6 gas concentration in the embodiment of the present invention. 

Fig. 4 is a graph illustrating the relation between bias voltage 
application time and sheet resistance in the embodiment of the present 
5 invention. 

Fig. 5A is a conventional plasma-doping apparatus. 

Fig. 5B is a magnified view of area A in Fig. 5A. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENT 

10 A plasma doping method of the present invention uses a larger amount 

of a substance with higher ionization energy than a substance containing 
impurities. This makes feasible the doping of plasma with a higher ion 
current density and electron temperature. More specifically, B2H6 gas is used 
as a substance containing impurities to be doped and He is used as a substance 

15 with high ionization energy. The concentration of B2H6 is preferably below 
0.05%. In this combination, plasma containing B2H6 achieves a higher ion 
current density and electron temperature under a predetermined pressure. 
Although the ion current density and electron temperature increase as the 
concentration of B2H6 falls, the density and temperature are close to saturation 

20 at a concentration of less than 0.05%, and thus this concentration is preferable. 

The plasma doping method of the present invention generates plasma of 
substance having lower ionization energy than the substance containing 
impurities, prior to generating the plasma of the substance containing 
impurities to be doped. The substance containing impurities to be doped is 

25 then discharged so that the state of plasma at generating plasma containing 
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impurities to be doped can be stabilized. Still more, plasma doping is 
achievable by discharging the substance containing impurities to be doped 
under lower pressure than in the case without generating a substance with 
small ionization energy in advance. Accordingly, plasma doping which is 
5 unlikely to cause deposition is made feasible. More specifically, at least one of 
B2H6, BF3 and B10H14 as the substance containing impurities to be doped, and 
at least one of Ar, H, N, O, Kr, Xe, CI, H 2 , NO, N 2 , 0 2 , CO, CO2, H 2 0, SF 6 , Br 2 
and CI2 as the substance with small ionization energy are selected for use. 

The use of the plasma doping method of the present invention results in 

10 a stable plasma with an electron temperature of 6.0 eV or higher when the 
pressure is approximately 0.9 Pa and ion current density is 1.1 mA/cm 2 or 
higher. The use of such plasma in the plasma doping method of the present 
invention allows control of a dose by changing the time of application of bias 
voltage. One advantage is the easy control of a dose while securing the 

15 throughput required for industrial use, even when the absolute value of the 
bias voltage is small. In addition, deposition is unlikely to occur. 

Furthermore, when applying plasma doping while changing the 
pressure during the generation of plasma, B 2 H6 is the substance containing 
impurities to be doped and He is the diluent. In this case, dilution of B 2 H6 is 

20 preferably centered on n = 0.04 / P and preferably doped within the range of ± 
25% when n is the percentage (%) of dilution by He and P is the pressure (Pa) 
during generation of the plasma. More specifically, doping within the dilution 
range of 1.25 x n to 0.75 x n (%) is preferable depending on pressure P. 

The use of the plasma doping method of the present invention enhances 

25 safety by diluting B 2 H6 which is extremely toxic to the human body. In 
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addition, plasma with a higher ion current density and electron temperature is 
achievable under a predetermined pressure as plasma containing impurities to 
be doped. Still more, the state of plasma can be stabilized while it is being 
generated. Still more, plasma doping is achievable through discharging the 
5 substance containing impurities to be doped at lower pressure than that 
without preliminary generation of plasma of the substance with small 
ionization energy. This achieves plasma doping which is unlikely to cause 
deposition. Accordingly, the present invention offers an impurity doping 
method that allows easy control of a dose while securing the throughput 
10 required for industrial use even when the absolute value of the bias voltage is 
low. 

Details of the present invention are described below with reference to a 
preferred embodiment. 

1. Plasma-doping apparatus 
15 First, the apparatus used in the present invention is described with 

reference to Fig. 1. 

Apparatus 100 includes high-frequency power supply 101 for generating 
plasma and matching box 102 for adjusting electric discharge. High-frequency 
power is supplied via a coil and antenna 103. Glass member 116, typically 
20 made of quartz glass, maintains vacuum in chamber 115 and transmits 
generated electromagnetic waves to chamber 115. 

Required gas is supplied from Ar gas source or B2H6 gas source to 
reactor chamber 115 through mass flow controller 104 or 105. The degree of 
vacuum in reactor chamber 115 is controlled by aforementioned mass flow 
25 controllers 104 and 105, turbo pump 106, conductance pump 107 and dry pump 
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108. RF or DC power supply 110 feeds the power to reactor chamber 115 
through matching box 111. Target 113 is placed on susceptor 114 inside 
reactor chamber 115, and aforementioned power is supplied. 
2. Pressure 

5 A mixture of 0.6255% B2H6 gas and 99.375% He gas is used in an 

experiment for generating helicon plasma. The source power of the helicon 
wave is set to 1500 W, and the pressure range for generating mixed plasma of 
B2H6 and H2 is investigated by changing the pressure. Electric discharge 
occurs when the pressure is 2.25 Pa or higher, and thus mixed plasma of B2H6 
10 and He is achieved. No electric discharge occurs at pressure lower than 2.25 
Pa. 

The next experiment is to introduce Ar gas into reactor chamber 115, 
apply the source power, and generate Ar plasma by electric discharge. Helium 
gas is then introduced and at the same time the Ar gas supply is stopped to 

15 generate He plasma. After these steps, B2H6 gas is introduced to generate 
mixed plasma of He and B2H6. This experiment is implemented while 
changing pressure to investigate the pressure range that allows the generation 
of mixed plasma of He and B2H6. The result reveals that stable electric 
discharge is feasible when the pressure is 0.8 Pa or higher. 

20 Next, another experiment is implemented using a gas mixture of 

0.025% B2H6 gas and 99.975% He gas, and a helicon-wave source power of 1500 
W. Due to the limitations of the apparatus, pressures higher than 2.6 Pa are 
not tested, but no electric discharge occurs at 2.6 Pa or lower. For comparison 
purposes, the next experiment is implemented. Ar gas is introduced into 

25 reactor chamber 115 and then source power is applied to create an electric 



7 

discharge to generate Ar plasma. Then, He plasma is generated by 
introducing He gas and stopping the Ar gas supply simultaneously. After these 
steps, B2H6 gas is introduced so as to generate mixed plasma of He and B2H6. 
In this case, a stable electric discharge is achieved when the pressure is 0.8 Pa 
5 or higher. 

As described above, B2H6 gas is used as the substance containing 
impurities to be doped and Ar gas is used as the substance with small ionization 
energy. Plasma of the substance having smaller ionization energy than the 
substance containing impurities is generated prior to generating plasma of the 

10 substance containing impurities to be doped. The substance containing 
impurities to be doped is discharged finally. This procedure enables the 
generation of mixed plasma of He and B2H6 at lower pressure than in the case 
without preliminary discharge of the substance with small ionization energy. 
3. Ion current density 

15 Fig. 2 shows changes in the ion current density when a helicon plasma 

is generated while changing the mixing ratio of B2H6 gas and He gas. The 
vertical axis indicates the current density, and the horizontal axis indicates the 
B2H6 gas concentration in the gas mixture of B2H6 gas and He gas. Numbers 
in brackets on the horizontal axis indicate the He gas concentration. Pressure 

20 is set to 0.9 Pa in the experiment. As the concentration of B2H6 gas falls, the 
ion current density begins to increase sharply when the B2H6 gas concentration 
fells below 1%. When the B2H6 gas concentration is 5% and 2.6%, the ion 
current density is less than 1.1 mA/cm 2 . In contrast, the ion current density is 
1.1 mA/cm 2 or above when the concentration is 0.29% and 0.025%. 
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As shown in Fig. 2, the ion current density changes sharply at around 
0.5%. This is evidence of the useful effect of achieving plasma with a high ion 
current density by holding the B2H6 gas concentration below 0.5% using the 
helicon plasma source. This steep change in ion current density at the B2H6 
gas concentration below 0.5 % with the use of helicon plasma source is a 
remarkable effect that is not disclosed in the prior art. 

4. Electron temperature 

Fig. 3 shows changes in the electron temperature when the mixing ratio 
of B2H6 gas and He gas is changed. The vertical axis indicates electron 
temperature Te (eV), and the horizontal axis indicates the concentration of B2H6 
gas in the gas mixture of B2H6 gas and He gas. Numbers in brackets on the 
horizontal axis indicate the He gas concentration. Helicon plasma is used 
under a pressure of 0.9 Pa in the experiment. The results show that the 
electron temperature increases as the concentration of B2H6 gas falls, and the 
temperature saturates when the B2H6 gas concentration is 0.025%. The 
electron temperature stays below 6.0 eV when the B2H6 gas concentration is 
0.29% or higher. In contrast, the electron temperature exceeds 6.0 eV when 
the concentration is 0.025%. 

5. Controllability of a dose 

Plasma doping is applied to a n-Si (100) wafer using two types of mixed 
plasma of B2H6 and He* B2H6 gas concentration of 0.025% and 0.29%. The bias 
voltage is -60 V and pressure is 0.8 Pa. After plasma doping, the wafer is 
annealed for three minutes at 1100 °C. The sheet resistance is then measured 
using the four-probe method. The dose of boron in a specimen created using 
0.025% B2H6 gas is measured using SIMS after plasma doping. 
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Fig. 4 shows the relation between the bias voltage application time 
(horizontal axis) and sheet resistance (vertical axis). Plotted line 401 indicates 
the measurement result when the B2H6 gas concentration is 0.29% (i.e., a He 
gas concentration of 99.71%). Plotted line 402 indicates the measurement 
5 result when the B2H6 gas concentration is 0.025% (i.e., a He gas concentration 
of 99.975%). As shown by plotted line 401, sheet resistance remains 
unchanged at about 400 £2/square, even when the bias voltage application time 
is changed to 3 sec, 7 sec and 30 sec at a B2H6 gas concentration of 0.29 %. On 
the other hand, as shown by plotted line 402, the sheet resistance is 

10 successfully changed to 1020, 460, 350 and 290 Q/square when the bias voltage 
application time is changed to 1, 3, 7, and 30 sec where the B2H6 gas 
concentration is 0.025%. The boron dose after plasma doping has also changed 
to 2.2E14, 6.0E14, 6.5E14 and 8.0E14 atoms/cm 2 . The boron concentration 
becomes IE 18 atoms/cm 3 when the depth is 4 to 6 nm or less. Accordingly, a 

15 dose is controllable by changing the bias voltage application time within 30 sec 
or 15 sec. The dose is thus easily controllable while securing the throughput 
required in the industrial field. 
6. Application to device 

A device is made using the plasma-doping apparatus shown in Fig. 1. 

20 A mask is patterned in advance and n-Si (100) wafer 113 is placed on susceptor 
114. After loading susceptor 114 into reactor chamber 115, conductance valve 
107 is opened, and the pressure inside reactor chamber 115 is reduced using 
turbo pump 106. When the pressure reaches a predetermined degree of 
vacuum, Ar gas is introduced to reactor chamber 115 via mass flow controller 

25 104 to generate Ar plasma by applying the source power and discharging. 
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Helium gas is then introduced via mass flow controller 105 and Ar gas supply is 
stopped at the same time to generate He plasma. Helicon-wave source power 
is 1500 W. While He plasma is being generated, a gas mixture of 0.025% B2H6 
gas and 99.975% He gas is introduced to generate mixed plasma at a pressure 
5 of 0.8 Pa. A bias voltage of —60 V is applied for 30 sec for doping. After 

treatment, wafer 113 is taken out and thermally treated. A resistance pattern 
equivalent to sheet resistance of 290 Q/square is formed on wafer 113 after 
thermal treatment. In the same way, a pattern with different sheet resistance 
is formed by changing the application time of the —60 V bias voltage for doping. 
10 As described above, the plasma doping method of the present invention 

is applicable to the manufacture of electric and electronic devices such as 
semiconductor devices and liquid crystal panels, and passive electric devices 
such as capacitors, resistors and coils. 

1 5 INDUSTRIAL APPLICABILITY 

As described above, the present invention enhances safety by diluting 
B2H6 as much as possible, and generates and maintains stable plasma without 
reducing doping efficiency. Furthermore, the present invention offers a plasma 
doping method by which the dopant implantation amount can be readily 

20 controlled. 



